Two-dimensional (2D) layered materials are very important and versatile platform for exploring novel electronic properties in different phases. The chemical doping in two-dimensional (2D) layered materials can engineer the electronic structure with useful physical properties which are distinct in comparison with the pristine one. Herein, we employed angle-resolved photoemission spectroscopy (ARPES) combined with first-principles density functional theory (DFT) calculations, to show the possible phase engineering of ZrSe2 via Hafnium (Hf) atoms substitution, which manifests a semiconducting-to-metallic transition. The emergence of conduction band at high symmetry M point around the Brillouin zone boundary due to extra charge doping, clearly demonstrates the conceivable evidence of semiconductor to metal transition in ZrSe2, through Hf substitution (about 12.5%) at room temperature. Similarly, the electrical resistance measurements further revealed the decrease of resistance with increasing temperature for ZrSe2 that confirms the semiconducting behavior, while the resistance increases with increasing temperature for Zr1−xHfxSe2 that in indication of the metallic behaviour. This study further demonstrates the possibility of the band gap engineering through heavily doped metal in 2D materials thereby modulating the electronic properties of layered materials for next-generation electronic applications.
Introduction
The transition metal dichalcogenides (TMDs) have unique and distinct electronic characteristics in different forms of mixed structures. Specifically, the fundamental band gap property which can tuned the electronic and optical properties [1] . The electronic properties can effectively differentiate the two phases of TMDs with diverse electronic structures, consists of semiconductor 2H phase and Metallic is 1T phase [2] [3] [4] . These phases are easily converted to each other via atomic intercalation, substitution of atoms or atomic plane gliding [2, [5] [6] [7] [8] [9] . Both 2H (semiconducting) and 1T (metallic or semiconducting) phases are also simultaneously exist in two-dimensional (2D)
TMDs [10] .
The conventional phase transitions depend on different growth conditions, such as temperature and pressure [11] . In 2D TMDs, transition metal is sandwiched between two chalcogen atomic in a layer, which can deliver extra degrees of freedom in transformation of structure [12] . On the other hand, other monolayer materials like graphene have no such strong correlation of electrons and structural polymorphism. Similarly, the lattice symmetry and correlations of electronics properties in a 2D geometries play vital role in various structural electronic and quantum phase transitions that depends on different thickness [11] . The structural electronic phase transition plays remarkably crucial role in different physical properties [13] [14] [15] .
All types of TMDs are perceived as ideal materials in different electronics applications.
TMDs have good p-n junction device applications [16] , high mobility field-effect transistors [17] [18] [19] , switching and memory chips [20] and optoelectronics applications [21] . The 2D layered TMDs materials can also be found in several hybrid forms [22, 23] with different electronic structures. Several methods are adopted to carry out phase transitions such as joint atomic dislocations, substitution or intercalation [24] [25] [26] . Mostly, these atomic phase engineering results a tremendous physical and electronic phenomenon [27] [28] [29] [30] [31] . Atomic substitution or intercalation has been an effective method to modify the intrinsic electronic properties, by changing their band gap characteristics [32] [33] [34] , which can induce different transitions [35, 36] . In particular, recently the heavily doping of W atom into MoTe2, MoSe2 and MoS2 lattice has been extensively used to specifically induce the transition from semiconducting to metallic phases [27, [37] [38] [39] . These materials have remarkable physical properties like spin-orbit interaction, excitation resonance, spin valley, catalytic properties and stable ambient behaviour etc. Recently, Yongji et al. studied the semiconductor to metallic phase transition in SnS2 through Co-intercalation by altering its electronic structure [40] .
Among these various TMDs, zirconium based 2D materials and its alloys with different transition metal have not yet been studied. Herein, we synthesized single crystals of Zr1−xHfxSe2 (x = 0.12; detected from ICP) alloy for the first time via chemical vapor transport technique (CVT), and characterize their composition and structure with different techniques including scanning transmission electron microscopy, X-ray diffraction, X-ray photoelectron spectroscopy, Raman spectroscopy and X-ray absorption fine structure (XAFS). Furthermore, we studied its electronic properties in comparison with pristine ZrSe2 through synchrotron-based Angle Resolved Photoemission Spectroscopy (ARPES) combined with first-principles density functional theory (DFT) calculations. With substitution of hafnium (Hf) atoms the bottom of the conduction band cross the Fermi level to change the structure from semiconducting to metallic, while the overall structure is well preserved. Fig. 1(a) , displays the camera images of CVT furnace, CVT process and high-quality single crystals in quartz tubes. X-ray diffraction (XRD) patterns were recorded on the as-grown crystalline ZrSe2 and Zr1-xHfxSe2 to identify the phase and unit cell dimensions as shown in Fig.1 that is further confirmed from X-ray absorption fine structure (XAFS) measurement. Fig. 3 , revealed the XAFS results of both ZrSe2 and Zr1-xHfxSe2. Fig. 3(a) shows the Zr Kedge X-ray absorption near-edge structure (XANES) spectra of the pure and Zr1-xHfxSe2 single crystals confirming the slight effect on the valence states of the elements for Zr1-xHfxSe2. The minor shift of energy indicates that lattice framework is slightly altered with Hf substitution, while the overall structure is well preserved. It is seen that the spectra are slightly shifted to higher energy, which can show that Hf loss more electrons, while electrons are emerged on Zr site.
Results and discussion
Therefore, it has investigated that the valence states of the elements are slightly affected. The corresponding Fourier transform (FT) spectra reveals the spectral shape as shown in Fig. 3(b) , revealing the atomic structure of both ZrSe2 and Zr1-xHfxSe2. The FT curve of the pure ZrSe2 displays two peaks at ~2.31 and 3.45 Å, which can be assigned to Zr-Se and Zr-Zr correlations, respectively. For Zr1-xHfxSe2 the intensities of these two peaks are marginally decreased, accompanied by the slight shift in the position of the Zr-Se and Zr-Zr peak towards the lower Rspace side. The minor shift shows the decrease of metal-metal bond length from 3.79 to ~3.43 Å The scanning transmission electron microscopy (STEM) was used to analyze the atomic microstructure of ZrSe2 and Zr1-xHfxSe2. Fig. 4(a) shows the morphology of as-prepared sample of Zr1-xHfxSe2 for transmission electron microscopy (TEM) test. Fig. 4(b-d) , displays the existence of Zr, Hf and Se atoms respectively, which confirm the homogenous distribution of all the elements in the as-grown sample. The energy-dispersive X-ray spectroscopy (EDS) was performed on the sample in Fig. 4(a) , to further estimate the appropriate amount of each elements in the single crystal (supplementary Fig. S2 ). The atomic-resolution Z-contrast STEM images revealed the atomic arrangement of the ZrSe2 and Zr1-xHfxSe2 as a 2D flakes. Fig. 4 (e, f) shows the as-recorded STEM images of ZrSe2. character. Specifically, the room temperature resistance of Zr1-xHfxSe2 is lower than one-and-ahalf orders of magnitude than that of ZrSe2, suggesting that the bandgap of Zr1-xHfxSe2 is decreased.
Furthermore, we investigated the electronic band structures of both samples through angleresolved photoemission spectroscopy (ARPES). Particularly, we know that the nature of the semiconducting phase in ZrSe2 is well understood, while it was not clear whether the Hf-doped ZrSe2 ternary alloy is still a semiconducting phase or not. Therefore, the electronic structure of heavily doped Zr1-xHfxSe2 single crystals were investigated through ARPES in comparison with pure ZrSe2 combined with DFT calculations, as shown in Fig. 6 and 7. Fermi surface in ZrSe2 (see Fig. 6(a1) ), while apparent electron pockets appeared at the bottom of the conduction bands around M at Fermi level in Zr1-xHfxSe2 (see Fig. 6(b1) ). The spectral weight of the electron pockets is broadening at the bottom of the conduction band. This indicates extra conduction electron pockets are appeared in the parents system, which appeared around M after Hf substitution. Similar contours can be observed in both ZrSe2 (Fig. 6(a2-a5) and Zr1-xHfxSe2 ( Moreover, the extra electrons are induced by Hf atom as observed from XPS and XAFS results.
Besides, the loss of electrons from Hf atoms shows that the bond of Hf atoms become stronger as compare to Zr atoms which can make the bond length short. This is the possible way that extra charge is doped in the system.
The DFT calculations were to confirm the bans structure calculations of both systems, which are well matched with our ARPES results, as shown in Fig. 7 (f) . 
Conclusion
In conclusion, we have controllably synthesized Hf substituted ZrSe2 single crystal using CVT method. Its microstructure and electronic structure were further investigated in compression with pristine ZrSe2 through ARPES combined with first-principles DFT calculations. The bulk structure and microstructure were characterized by different X-ray techniques and scanning transmission electron microscopy. ARPES and DFT calculations revealed that ZrSe2 is semiconductor in nature while Zr1-xHfxSe2 shows metallic behaviour. Interestingly, it has been observed that a substitution of significant amount of Hf in ZrSe2 leads to a transition from semiconductor-to-metal. Moreover, from the ARPES results we have observed that overall system is remains preserved, except the emergence of conduction band due to extra charge doping in Zr1-xHfxSe2 in comparison with and DFT calculations. Similarly, the electrical resistance as a function of temperature can further confirm the semiconductor-to-metal transition of ZrSe2 with Hf substitution. This effective method highlights the importance of atomic substitution-induced in 2D layered materials, which may enable these materials for future electronics and valleytronic applications.
